Introduction
Approximately 1-2/1,000 born infants develop hypoxic-ischemic encephalopathy at term and hypoxia-ischemia (HI) is considered to be a common cause of brain injury also in preterm infants [Volpe, 2001] . Typically, HI brain injury develops with a delay during the recovery phase opening up a therapeutic window after the insult [Wyatt et al., 1989] . Hence, various neuroprotective regimens administered only after HI have proven to be efficient both according to experimental and clinical studies [Gluckman et al., 2005] . There is considerable support for both apoptotic and immunoinflammatory mechanisms being critical for the development of neonatal HI brain injury [Silverstein et al., 1997; Cheng et al., 1998; Hagberg and Mallard, 2005; Blomgren and Hagberg, 2006] . Therefore, we are seeking a pharmacological strategy that both attenuates apoptotic cell death and modulates inflammation.
Mitogen-activated protein kinases exist in every eukaryotic cell and are also called stress activators since they react to, and are upregulated by a wide range of stimuli, including inflammatory cytokines, ischemia, growth hormones and osmotic shock. Mitogen-activated protein kinases activate the mixed lineage kinase (MLK) family, which in turn regulates c-jun N-terminal kinase (JNK). Activation of JNK leads to the phosphorylation of the transcription factor c-jun , which through cytochrome C release and induction of caspases can mediate apoptosis [Waetzig and Herdegen, 2005; Weston and Davis, 2007] . MLK has been shown to be expressed in neuronal cells and overexpression effectively induces apoptotic cell death. CEP-1347 (KT7515) is a semi-synthetic inhibitor of the MLKs. It has been shown to inhibit the activation of the MLK/JNK pathway and consequently apoptosis in neuronal cell cultures, including sensory, sympathetic and motor neurons [Maroney et al., 1999; Harris et al., 2002] , as well as in an in vivo model after colchicine treatment in 7-day-old rats [Müller et al., 2006] . Furthermore, CEP-1347 also seems to modify the inflammatory response in the brain, thus downregulating a number of cytokines, for example IL-6 and TNF-␣ , thereby changing the astrocyte and microglia response to stress [Falsig et al., 2004; Lund et al., 2005] . In spite of its potential as a neuroprotectant, CEP-1347 or other MLK inhibitors have not previously been explored in neonatal models of brain injury.
The aim of the present study was to evaluate the cerebroprotective potency of CEP-1347 in a neonatal model of HI and to investigate its effects on apoptotic and inflammatory markers.
Materials and Methods

Induction of HI in Neonatal Rats
HI was induced in postnatal day 8 Wistar rats (Charles River, Germany) according to the Rice-Vannucci model [Rice et al., 1981] with some modifications [Andine et al., 1990] . The left carotid artery was dissected and cut between ligatures of Prolene sutures, during isoflurane anesthesia (3% for induction and 1.5% for maintenance) in nitrous oxide/oxygen (1: 1). The pups were allowed to rest for 1 h with their dams. They were then subjected to 7.7% oxygen in nitrogen for 55 min. All animal experiments were approved by the Animal Ethics Committee of Göteborg.
Drug Administration CEP-1347 was supplied by Lundbecks (Köpenhamn, Denmark). The drug [dose 1 mg/kg at a concentration of 0.2 mg/ml Solutol (10%) in PBS] and vehicle [Solutol (10%) in PBS] were injected subcutaneously immediately after HI, 6 h after HI and then once daily until the animals were killed. According to previous research the dose in animals for which efficacy was observed ranged from 0.1 to 3.0 mg/kg, corresponding to plasma levels of 20-200 ng/ml [Waldmeier et al., 2006; Saporito et al., 2002] .
Brain Injury Evaluation
Pups (CEP-1347: n = 23; vehicle: n = 20) were deeply anesthetized with 150 l Pentothal natrium (50 mg/ml) and sacrificed at 7 days after HI and perfused intracardially with NaCl (0.9%) followed by 5% buffered formaldehyde (Histofix; Histolab, Göte-borg, Sweden). The brains were dissected out and immersionfixed in Histofix over night. After dehydration with graded ethanol and xylene, brains were paraffin-embedded and cut into 5-m coronal sections. To evaluate brain injury, sections were deparaffinized and boiled in citric acid buffer (0.01 M , pH 6.0, 10 min). Nonspecific binding was blocked for 1 h with 4% horse serum in PBS. Sections were incubated for 1 h with an MAP-2 antibody (1: 2,000, Sigma), then incubated for an additional hour with biotinylated horse anti-mouse secondary antibody (1: 250, Vector Laboratories, Burlingame, Calif., USA). Immunoreactivity was visualized using Vectastain ABC Elite with 3,3 -diaminobenzidine (DAB, 0.5 mg/ml) enhanced with nickel sulfate (15 mg/ ml) [Gilland et al., 1998 ]. Nonspecific labeling was investigated by omitting the primary antibody.
The Olympus Micro Image analysis software system, version 4.0, was used (Olympus Optical, Tokyo, Japan) for measuring the area of tissue loss on sections stained with MAP-2. MAP-2-positive areas in the ipsilateral and in the contralateral hemisphere were outlined by an observer blinded to group belonging. Tissue loss was calculated by subtracting the MAP-2-positive area of the ipsilateral hemisphere from the contralateral hemisphere. The volume of tissue loss was calculated according to the Cavalieri principle. The formula V = ͚ Apt was applied, where V is the total volume loss expressed as mm 3 , ͚ A is the sum of the areas measured, p is the inverse of the section's sampling fraction (in this case 100, hence every 100th section was stained for MAP-2 and used), and t is the section thickness (5 m).
Brain injury in different regions (striatum, hippocampus, thalamus and cerebral cortex) was estimated using a semi-quantitative neuropathological scoring system Hedtjärn et al., 2002; Hagberg et al., 2004] . The evaluation was made by an observer blinded to group belonging. Injury in the cerebral cortex was graded from 0 to 4 (0 = no observable injury; 1 = few small isolated groups of injured cells; 2 = several larger groups of injured cells; 3 = moderate confluent infarction; 4 = extensive confluent infarction encompassing most of the hemisphere). The damage in the hippocampus, striatum, and thalamus was assessed regarding both hypotrophy (shrinkage; 0-3) and observable cell injury/infarction (0-3). Hence, the maximum score for one brain region was 6; scoring 0 means no damage, while 1-3 correspond to mild, moderate or severe atrophy or infarction, respectively. The total score (0-22) was the sum score for all 4 regions.
Immunohistochemistry
Pups (n = 6 per treatment group) were deeply anesthetized with Pentothal natrium (50 mg/ml), sacrificed after 24 h and the brains were equilibrated in PBS containing 10% sucrose for at least 24 h. Fresh-frozen coronal sections (10 m) were taken throughout the antero-posterior axis and used for detection of activated microglia as well as apoptosis markers.
Nonspecific binding was blocked for 30 min with 4% horse or goat serum (depending on the species used to raise the secondary antibody) in PBS. Primary antibodies used were: anti-apoptosisinducing factor (AIF; 1: 1,000, D-20, Sc-9416, Santa Cruz, Calif., USA), OX-18 (1: 500, MCA 51R, Serotec, Düsseldorf, Germany), OX-42 (1: 50, MCA 275R, Serotec) and caspase 3 (1: 50, cat. No 557035, BD Pharmingen, San Diego, Calif., USA). Primary antibodies were incubated for 60 min at room temperature, followed by the appropriate, biotinylated secondary antibodies for 60 min at room temperature. All secondary antibodies were from Vector. Visualization was performed using Vectastain ABC Elite with 0.5 mg/ml DAB enhanced with 15 mg/ml ammonium nickel sulfate, 2 mg/ml ␤ -D -glucose, 0.4 mg/ml ammonium chloride and 0.01 mg/ml ␤ -glucose oxidase (all from Sigma). In all cases nonspecific labeling was investigated by omitting the primary antibody.
Isolectin
Sections from brains used for brain injury evaluation were also stained for isolectin B 4 . Sections were deparaffinized and boiled in citric acid buffer (0.01 M , pH 6.0, 10 min). After washing, slides were incubated with 3% H 2 O 2 in PBS for 10 min. Sections were incubated for 3 h with isolectin B 4 (Sigma), diluted 1: 100, in 1% Triton X-100 in PBS. After a thorough rinse with PBS reactivity was visualized using DAB (0.5 mg/ml) enhanced with nickel sulfate (15 mg/ml) [Hedtjärn et al., 2002] . TUNEL DNA double-strand breaks were detected by a TUNEL kit. The method was performed according to the manufacturer's instructions with some modifications (Roche-Boehringer Mannheim, Mannheim, Germany). Briefly, sections were blocked with 3% bovine serum albumin in 0.1 M Tris-HCl (pH 7.5) for 30 min, then incubated for 2 min on ice in 0.1% Triton X-100, 0.1% natrium citrate, followed by incubation with TUNEL reaction mixture (terminal deoxynucleotidyl transferase, fluorescein-dUTP, and deoxynucleotide triphosphate) for 60 min at 37 ° C. After incubation with peroxidase-conjugated anti-fluorescein (diluted 1: 5) at 37 ° C for 30 min, visualization was performed using DAB (0.5 mg/ml) enhanced with nickel sulfate (15 mg/ml). Nonspecific labeling was investigated by omitting terminal deoxynucleotidyl transferase in the labeling procedure. There was no staining in the contralateral hemisphere.
Cell Counting
Images from brain sections with caspase 3, OX-18, OX-42, AIF, isolectin and TUNEL staining were captured by a Leica DM 6000B camera and analyzed by using Stereoinvestigator 7, MicroBrightField System Inc. software. Cells in the injured hemisphere were counted in the striatum, hippocampus and cortex. The selected areas were outlined and computer-generated counting frames randomly superimposed over each region. This resulted in approximately 20 sampling sites/region/section with each counting frame being of 50 ! 50 m, identical for CEP-1347-and vehicle-treated animals. In each animal, 3 slides/brain region were used for counting and the average number of positive cells/ mm 2 was calculated. Results are given as mean 8 SEM for each group. The contralateral hemisphere was also examined for positive cells, but no such cells were found.
Real-Time PCR
Pups (n = 6 per time point per treatment) were decapitated at 4 and 8 h after HI. Brain samples were homogenized by sonication in 100 l PBS buffer (pH 7.4) and total RNA was extracted according to the manufacturer's instructions, using the RNeasy Midi Kit (Qiagen GmbH, Hilden, Germany). First-strand cDNA synthesis was performed with a Superscript RNase H reverse transcriptase kit (Invitrogen, San Diego, Calif., USA), as described previously . The following primer pairs (CyberGene AB, Huddinge, Sweden), annealing temperatures and elongation times were used: GAPDH (NM017008): forward 5 -CTA CCC ACG GCA AGT TCA AC, reverse 5 -ACG CCA GTA GAC TCC ACG AC, 58 ° C, 6 s; IL-1 ␤ (NM031512): forward 5 -AGC TCC ACG GGC AAG ACA TAG G, reverse 5 -GGA TTG CTT CCA AGC CCT TGA C, 59 ° C, 6 s; IL-6 (NM012589): forward 5 -CCC AAC TTC CAA TGC TCT CCT AAT G, reverse 5 -GCA CAC TAG GTT TGC CGA GTA GAC C, 63 ° C, 6 s; MCP-1 (AF058786): forward 5 -TCA CGC TTC TGG GCC TGT TG, reverse 5 -CAG CCG ACT CAT TGG GAT CAT C, 58 ° C, 5 s. For quantification and for estimating amplification efficiency, a standard curve for each gene product was generated using increasing concentration of cDNA. The amplification transcripts were quantified with the relative standard curve and normalized against GAPDH.
ELISA
The brain homogenates, prepared from the same samples as for RT-PCR, were centrifuged at 10,000 g at 4 ° C for 15 min. The supernatants were collected and protein concentration measured by the UV method presented by Whitaker and Granum [1980] adapted for microplates, and used for the ELISAs. For the assays, a rat IL-1 ␤ ELISA kit (Quantikine M RLB00, R&D Systems) and a rat IL-6 ELISA kit (KRC0062, Biosource) were used and performed as recommended by the manufacturers.
Immunoblotting Pups (n = 6 per time point per treatment) were decapitated at 4 and 8 h after HI. Homogenate samples were used. Immunoblotting was performed as previously described [Wang et al., 2003 ]. The primary antibodies used were: p-JNK (1: 1,000, No. 9251, Cell Signaling Technology, Stockholm, Sweden) and p-c-jun (Ser73, 1: 1,000, No. 9164, Cell Signaling Technology). After washing, membranes were incubated with the appropriate peroxidase-conjugated secondary antibodies (Vector Laboratories). Immunoreactive species were visualized using SuperSignal West Dura chemiluminescence substrates (Pierce, Rockford, Ill., USA) and a cooled CCD camera (LAS1000; Fujifilm, Tokyo, Japan). Immunoreactive bands were quantified using Image Gauge software (version 3.3; Fujifilm).
Statistics
The nonparametric Mann-Whitney U test was used to compare brain injury and positive cell counting results in CEP-1347-treated versus vehicle-treated animals. Regarding the mechanistic part of the study our aim was to detect a 2-fold difference (power 80%, p ! 0.05) between groups and based on the standard deviation in our previous studies it was calculated that we needed 6 animals/group. Differences with a p value ! 0.05 were considered statistically significant. Values are expressed as means 8 SEM.
Results
CEP-1347 Protects against HI Brain Damage
Brain infarction and/or selective neuronal injury were observed in the cerebral cortex, hippocampus, striatum and thalamus ipsilateral to the carotid artery occlusion at 7 days after HI ( fig. 1 d, e) . There was a 28% decrease in overall tissue volume loss (p = 0.019) in CEP-1347-treated as compared to vehicle-treated animals ( fig. 1 a) . Neuroprotection by CEP-1347 was also evident when injury was assessed by neuropathological scoring (p = 0.046; fig. 1 b) .
The number of isolectin-positive cells with the morphology of activated microglia, i.e. retracted processes and rounded cell body phenotype, was counted, which was substantially increased after HI. CEP-1347 reduced the number of isolectin-positive cells, at 7 days after HI, compared to vehicle-treated animals (p = 0.038; fig. 1 c) . We also analyzed data according to gender, but no differences were detected [Zhu et al., 2006] .
CEP-1347 Reduces Apoptosis
TUNEL staining was significantly (p = 0.021) decreased in the hippocampus 24 h after HI in CEP-1347-treated animals ( fig. 2 a) and a similar tendency was found in the cerebral cortex and striatum (p = 0.066). This is consistent with a significant (p = 0.047) reduction of cells expressing the cleaved activated form of caspase 3 in the striatum 24 h after HI ( fig. 2 b) and a similar tendency is found in the cortex and hippocampus. There was no significant difference in the number of apoptosis-inducing factor (AIF)-positive cells between CEP-1347-treated and vehicle-treated animals (data not shown).
Total p-JNK immunoreactivity was significantly decreased at 4 h (CEP-1347 53.31 8 16.30 vs. vehicle 58.08 8 40.80 OD/ g total protein, p = 0.049), but no statistically significant difference was detected 8 h after HI (p = 0.404). There was no significant change in c-jun levels after HI in CEP-treated animals compared to controls (data not shown).
CEP-1347 Effect on Inflammation
There was no significant difference in the expression of OX-42 (CR3) and OX-18 (MHC I) immunoreactivity in CEP-1347-treated versus vehicle-treated animals at 24 h after HI ( table 1 ). The expression of mRNA for the pro-inflammatory cytokines IL-1 ␤ , IL-6 and MCP-1 was not different in CEP-1347-treated versus vehicle-treated animals at 4 and 8 h after HI ( table 2 ) . Similarly, protein expression of IL-1 ␤ and IL-6 was not different in CEP-1347-treated versus vehicle-treated animals at 8 h after HI ( table 3 ) .
Discussion
This report demonstrates that the MLK inhibitor CEP-1347 reduces brain injury to a moderate degree in a neonatal HI model in rats. To our knowledge, this is the first report showing involvement of MLKs in neonatal brain injury. There was overall protection according to evaluation of tissue volume loss and neuropathological scoring. The reduction in brain injury was accompanied by a marked reduction of microgliosis at 7 days offering additional indirect support of the cerebroprotective efficacy of CEP-1347 in this model. Our results agree with previous reports that CEP-1347 exhibits neuroprotective effects both in vitro and in vivo. Death by withdrawal of nerve growth factor, exposure to ultraviolet irradiation, or exposure to oxidative stress in cultured rat sympathetic neurons and neuronally differentiated PC12 cells were prevented by CEP-1347 [Maroney et al., 1999] . CEP-1347 Cytokine mRNA levels are expressed/GAPDH and given as means 8 SEM. has also been shown to promote motor neuron survival in cultured rat embryonic motoneurons [Maroney et al., 1998 ] as well as having an effect on the survival of embryonic rat dopaminergic neurons in culture, or after transplantation into the striatum in hemiparkinsonian rats [Boll et al., 2004] .
The present results suggest that CEP-1347 attenuates caspase-dependent cell death after neonatal HI and the decrease of the apoptotic marker TUNEL further supports CEP-1347 being anti-apoptotic. This agrees with previous studies demonstrating that CEP-1347 promotes neuronal survival in vitro and that CEP-1347 inhibits neuronal apoptotic cell death caused by nerve growth factor withdrawal [Harris et al., 2002] .
It has been suggested that MLK inhibition attenuates JNK activation and phosphorylation of c-jun [Wang et al., 2004] . Indeed, c-jun is activated after HI [Gilby et al., 1997] and JNK3 gene ablation is associated with decreased brain damage and caspase 3 activation after neonatal HI [Pirianov et al., 2007] . The decrease in p-JNK expression in our study was marginal (p = 0.049) and no significant drop in c-jun expression was detected. This is in agreement with previous studies where CEP-1347 has been shown to inhibit JNK1, p-c-jun increase and apoptosis both in vitro and in vivo [Maroney et al., 1998; Lund et al., 2005; Müller et al., 2006] . The lack of effect of CEP-1347 on c-jun in the present study could be a result of the fact that whole-brain tissue analysis was performed, which may not detect regional differences. Furthermore, JNK activation could be quite transient and therefore difficult to detect [Pirianov et al., 2007] unless tissue is sampled with very high time resolution, which was not done presently. Additional detailed studies are required to determine how the MLK-JNK pathway is specifically affected in the immature brain after HI.
In our study, there was no significant difference in AIF-expressing cells between CEP-1347-treated and vehicle-treated rats. This is consistent with a study by Bogoyevitch et al. [2004] where CEP-1347 seemed to interact with the apoptotic pathway involving caspase 3 and JNK, but not AIF.
HI is accompanied by a marked activation of microglia and expression of pro-inflammatory cytokines [Bona et al., 1999] and at least some components of the immune system appear to be involved in brain injury [Silverstein et al., 1997; Hagberg et al., 2006] . To explore whether CEP-1347 modifies the acute microglia response in the early phase of injury progression, we investigated the expression of OX-18 (MHC I antigen) and OX-42 (CR3) on microglia at 24 h. According to McRae et al. [1995] , the expression of OX-18 (MHC I antigen) and OX-42 (CR3) on microglia occurs early and these are sensitive markers of microglial activation after HI. In our study, neither the number of microglia-expressing CR3 and MHC I antigens nor the cytokine response (IL-1 ␤ , IL-6 and MCP-1) were consistently affected. These results suggest that CEP-1347 does not exert a strong anti-inflammatory effect after HI in this model. It is important to point out, however, that due to high variability and the limited number of animals (n = 6/group) we only had statistical power (80%) to detect 1.5-to 3-fold differences between groups for the various inflammatory markers. These results agree with CEP-1347 having mixed effects on cytokine (MCP-1, IL-1 ␤ and IL-6) expression also in human and murine microglial cultures stimulated by lipopolysaccharide [Lund et al., 2005] .
In summary, this report implicates that post-HI treatment with CEP-1347, an MLK inhibitor, attenuates injury and decreases caspase-dependent cell death, but does not seem to have a major effect on the inflammatory response in a neonatal rat model of HI. The drug may have potential as a clinical neuroprotective treatment in neonates as it is well tolerated in humans [Parkinson Study Group, 2004 and , but its mechanisms of action remain to be explored further.
